We present the first colloidal synthesis of highly uniform single-crystalline Bi 19 S 27 Br 3 nanowires (NWs) with a mean diameter of $9 nm and tunable lengths in the range of 0.15-2 mm in the presence of foreign metal ions (Al 3+ ). The Al 3+ ions not only control the growth of NWs, but also achieve species transformation, i.e., eld-effect transistors (FETs), 5 thermoelectric devices 6 and so on, have been extensively studied due to their anisotropic geometry, large surface-to-volume ratio, their decoupling of light absorption and minority carrier diffusion directions for efficient charge collection and separation, and their exciton connement in two dimensions that are superior to their bulk counterparts. Moreover, semiconductor NWs have various mechanical properties and reactivities which depend on the crystallographic orientation. 16 In contrast, the controllable synthesis of quaternary and quinary alloyed NCs is much more difficult, and the synthesis of multicomponent NWs is an even bigger challenge than nanoparticles. Generally, long carbon chain organic molecules that selectively bind to different NC facets are used to control the morphology of the resulting NCs.
Introduction
Semiconductor nanowires (NWs), 1 which are key building blocks for the next generation of optoelectronic devices such as light-emitting diodes (LEDs), 2 solar cells, 3 photodetectors, 4 eld-effect transistors (FETs), 5 thermoelectric devices 6 and so on, have been extensively studied due to their anisotropic geometry, large surface-to-volume ratio, their decoupling of light absorption and minority carrier diffusion directions for efficient charge collection and separation, and their exciton connement in two dimensions that are superior to their bulk counterparts. Moreover, semiconductor NWs have various mechanical properties and reactivities which depend on the crystallographic orientation. 7 Considerable efforts have been made to exploit their useful properties and widen their applications, and especially to improve their synthesis 1a,8 by metalnanoparticle-mediated methods, 9 direct deposition methods, 10 template-directed methods,
11
and oriented-attachment methods in colloidal chemistry.
12 Colloidal synthesis, which takes advantage of the versatility of the precursors, ligand affinity, solvent polarity, and reaction parameters, has been demonstrated to be a powerful strategy for exploiting colloidal nanocrystals (NCs) with controlled phases, 13 morphology 14 and composition 15 for binary and ternary systems. The superiority of colloidal chemistry has also been demonstrated in the synthesis of very interesting semiconducting heterostructured NCs.
16 In contrast, the controllable synthesis of quaternary and quinary alloyed NCs is much more difficult, and the synthesis of multicomponent NWs is an even bigger challenge than nanoparticles. Generally, long carbon chain organic molecules that selectively bind to different NC facets are used to control the morphology of the resulting NCs.
17 More recently, inorganic foreign metal ions have been employed to inuence the morphology of semiconductor NCs (Cu x Se and CuTe NCs), 18 which may provide a new way to control the shape of NCs. However, no success has been reported on the formation of onedimensional nanomaterials mediated by foreign metal ions up to date, let alone multi-component NWs. This inspired us to employ this strategy to exploit a new type of multi-component semiconductor NW, which may greatly expand the research platform in this eld.
A Results and discussion Fig. 1a shows the TEM image of the sample prepared in the absence of Al 3+ . The product was assembled from fabric-like
NWs with a wide range of diameters, and was revealed to be orthorhombic Bi 2 S 3 (JCPDS no. 17-0320) by XRD (Fig. 1d) . The high-angle annular dark-eld-scanning transmission microscopy (HAADF-STEM) and TEM image reveals the fabric-like morphology of Bi 2 S 3 should be formed via physical crossover of non-uniform NWs (Fig. S1 , ESI †). High resolution TEM (HRTEM) images along with the corresponding fast Fourier transform (FFT) pattern conrm the single crystalline nature of the product (Fig. S1 , ESI †). Very interestingly, the presence of Al(acac) 3 in the synthesis medium resulted in hexagonal-structured Bi 19 S 27 Br 3 NWs (JCPDS no. 26-0813) with mean diameters of $9.0 nm, as shown in Fig. 1b (TEM) and Fig. 1d (XRD). It is noteworthy that the length of the as-synthesized Bi 19 S 27 Br 3 NWs can be tuned in the range of 0.15-2 mm by varying the reaction duration while the mean diameters do not appear to change (Fig. S2 , ESI, † the reaction temperature was kept at 180 C).
Moreover, the mean diameters can be tuned from $6.9 nm to $12 nm by varying the reaction temperature while the length of the NWs remain basically unchanged (Fig. S3 , ESI, † the reaction time was kept at 30 min). Therefore, the presence of Al (acac) control of the Bi 19 S 27 Br 3 NWs is probably to promote crystal growth in a specic direction; 18b the corresponding growth mechanisms of the NWs are shown in Scheme 1. If more Al 3+ ions are present in the reaction mixture, the Bi precursors are divided into more regions, and more nucleation sites will be generated, resulting in the formation of shorter NWs. However, the transformation mechanism from Bi 2 S 3 to Bi 19 S 27 Br 3 needs to be elucidated in this study. NWs. Additionally, the major diffraction peaks shi systematically towards lower angles as the content of I increases, meaning that the larger I atoms have gradually replaced the smaller Br atoms in the lattices of the resulting NWs. More importantly, no additional peaks or peak splitting can be detected by XRD, ruling out the possibility of phase separation or separation nucleation that oen occurs in the preparation of alloyed nanocrystals. 21b Vegard's graph (Fig. 3b) , obtained by plotting the lattice parameter values (a and c) versus composition, shows a near-linear trend with increasing iodide content, conrming the formation of a solid solution. Raman spectroscopy is a sensitive tool that reects the phase purity of a material. The Raman spectra of the as-prepared NWs in Fig. S7 Fig. 4 and S8, ESI, † respectively. The low-magnica-tion TEM and SEM images display uniform diameter distributions of the Bi 19 S 27 (Br 3Àx ,I x ) NWs, and the diameters increase gradually from $9.0 to $13.9 nm with as the I content increases (Fig. S9 , ESI †). It is well-known that, to decrease the system energy, facets with lower energy will gradually grow larger, while the facets with higher energy gradually get smaller and even disappear during crystal growth. To gain insight into the variation in the diameters of the Bi 19 S 27 (Br 3Àx ,I x ) NWs in this study, theoretical evaluation of the surface energies of the NW facets was carried out. The diameters of the hexagonal Bi 19 S 27 -(Br 3Àx ,I x ) NWs should be inuenced signicantly by the relative surface energies of the (110) (110) (Table S1 and Fig. S10 , ESI †) shows that an increase in the I content was accompanied by a decrease in the Br content in the range of 0 # x # 3 for the asprepared Bi 19 S 27 (Br 3Àx ,I x ) NWs. Moreover, elemental mapping and a line scan (Fig. 5 ) of the Bi 19 S 27 (BrI 2 ) NWs conrm the homogeneous distribution of the four elements present. These results demonstrate the formation of alloyed NWs with a homogeneous distribution of Br and I in the Bi 19 S 27 (Br 3Àx ,I x ) matrix.
The UV-vis-NIR diffuse-reectance spectroscopy (DRS) spectra of the Bi 19 S 27 (Br 3Àx ,I x ) NWs (0 # x # 3) were measured to study their optical properties (Fig. 6a) . A continuous strong absorption spanning the whole visible to near IR spectrum was found. It is noteworthy that the absorption intensity increases gradually as the I content increases. Tauc plots (Fig. S11 , ESI †) were derived to determine the optical band gaps with the relationship of a 2 plotted against the energy revealing that the Bi 19 S 27 Br 3 NWs have a direct band gap of 0.815 eV. Interestingly, the band gap energies were basically unchanged upon varying the ratio of I/Br for the Bi 19 S 27 (Br 3Àx ,I x ) NWs (0 # x # 3), meaning that the synthesized NWs exhibited band gaps independent of the composition, which is very different from the widely accepted Vegard's law for multi-component alloyed semiconductors. 21 In order to deeply understand the electronic structure of Bi 19 S 27 Br 3 , density functional theory calculations were performed with the Vienna ab initio simulation package 26 and a projector augmented wave method.
27 The generalized gradient approximation (GGA) with the spin polarized PerdewBurke-Ernzerhof (PBE) functional 28 was used to relax the structure and compute the density of states. The results in Fig. 7 and S12, ESI, † show that the valence band maximum of Bi 19 S 27 Br 3 and Bi 19 S 27 I 3 is mostly composed of S 3p states and that the conduction band minimum mainly consists of Bi 6p states, slightly mixed with S 3p orbitals. In contrast, Br 4p or I 5p orbitals make important contributions to the lower region of the valence band (lower than À0.4 eV), which is possibly why the replacement of Br with I does not change the band gap of the assynthesized NWs. The calculated band gap (about 0.6 eV) is smaller than our experimental value (around 0.82 eV) which may be due to shortcomings of the GGA method in underestimating the band gap.
We also investigated the photoelectrochemical (PEC) properties of the Bi 19 S 27 (Br 3Àx ,I x ) NWs (0 # x # 3) by measuring the transient photocurrents of the NW lms on uorine tin oxide (FTO) in a photoelectrochemical cell. The photocurrent obtained from a Bi 19 S 27 (Br 2 I) NW electrode was negative (cathode current) (Fig. 6b) , indicating that the as-synthesized NWs exhibit p-type semiconductor behavior.
29 A constant bias experiment enables a more realistic evaluation of the charge transport dynamics for device applications. We hence carried out such a measurement. As shown in Fig. S13 , ESI, † the photocurrents of the Bi 19 S 27 (Br 3Àx ,I x ) NW lms increased rapidly upon receiving illumination, and dropped immediately to their pre-illumination values without apparent degradation over many light on/off cycles. It can also be seen that the photocurrents increased gradually with increasing content of I, which may be due to the enhanced absorption intensities, as shown in Fig. 6a . Therefore, the Bi 19 S 27 (Br 3Àx ,I x ) NWs (0 # x # 3) are sensitive to light illumination and are stable under experimental conditions, which is vital for device applications.
The combination of a strong absorption ability in the visible to near IR region of the spectrum and a sensitive response to light illumination makes the Bi 19 S 27 (Br 3Àx ,I x ) NWs (0 # x # 3) excellent candidates for photodetectors (PDs). The as-synthesized alloyed NWs were directly drop-casted on a pre-prepared Au electrode (50 nm) paired onto a SiO 2 (300 nm)/p + -Si substrate. Fig. 8a shows this as a schematic illustration and also a representative SEM image of the PD based on the NW network. Despite the short length and small diameter of the NWs, the NWs in the network can connect successfully both to each other and across the electrode pairs. Current versus voltage (I-V) curves of the four kinds of PDs measured in the dark are plotted in Fig. S14 , ESI. † The linear shape of the curves demonstrates the ohmic contact of the NW networks with the Au electrodes. Signicantly, under white light illumination (60 mW cm À2 ), all the devices show pronounced photoresponses (Fig. 8b) , and the devices could be reversibly switched between low-and high-conduction states when the light was switched off and on repeatedly, revealing the high stability and reproducibility of the PDs. Close investigation of the on/off curves reveals that the highest photocurrent for the PDs increases with increasing iodide content (Fig. 8c) , which is in good agreement with the PEC measurements. These results conrm the good optoelectronic properties of our NWs.
Conclusions
In summary, we have developed a facile solution-based method for the synthesis of highly uniform single-crystalline Bi 19 S 27 -(Br 3Àx ,I x ) alloyed NWs across the whole composition range (0 # x # 3) with the aid of foreign metal ions (Al 3+ alloyed NWs. The as-synthesized NWs show an unusual composition-independent band gap of $0.82 eV which is 
